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Abstract

In this chapter, applications of Raman spectroscopy to nanocelluloses and nanocel-
lulose composites are reviewed, and it is shown how use of various techniques
in Raman can provide unique information. Some of the most important uses
consisted of identification of cellulose nanomaterials, estimation of cellulose
crystallinity, study of dispersion of cellulose nanocrystals (CNCs) in polymers,
and assessment of CNC/matrix interactions. Further, using a bleached fiber, it was
demonstrated that information on the orientation of cellulose at the molecular level
can be obtained with the help of polarized Raman spectroscopy. This capability can
therefore be used to study the organization of nanocelluloses in composites. Lastly,
in nanocellulose composites, an example was given of how Raman spectroscopy
can be used to quantify the strain or stress transferred to nanocelluloses from the
surrounding polymer matrix.
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SCNF  short cellulose nanofibril

S/N signal-to-noise

TERS tip-enhanced Raman spectroscopy
WAXS wise-angle X-ray scattering

XRD  X-ray diffraction

18.1 Introduction

Raman spectroscopy is a powerful nondestructive technique to investigate
cellulose materials. Technological developments in the field of Raman in terms
of filters, detectors, and lasers have made Raman spectrometers more suited to
investigations of cellulose materials. Over the years, along with the advances
in Raman instrumentation, new capabilities were developed in a number of
areas. Besides development of new sampling methods to analyze nanocelluloses
in the never dried state (author’s unpublished information), these included
estimation of cellulose crystallinity [1], measurement of water accessibility of
celluloses at the molecular level [2], and determination of mechanical properties
of celluloses [3]. This chapter reviews Raman studies of cellulose nanocrystals
(CNCs), cellulose nanofibrils (CNFs), and their composites. Although nanocel-
lulose materials have been investigated only recently by the technique, Raman
spectroscopy — along with its subtechniques, has been used for a long time
in the field of celluloses and their products. In the context of a nanocellulose
composite, its Raman spectrum gives molecular-level information on each of the
constituents, which in itself is unique information. However, Raman is capable
of much more. This technique can be used to determine crystallinity of cellulose
nanoparticles, investigate their distribution in polymers (using Raman mapping),
and evaluate nanocellulose interactions with the matrix. Chemical mapping
[4] is a powerful technique which detects and images chemicals with high
sensitivity. The Raman spectra of nanocelluloses can also be used to measure the
strain or stress transferred to them from the surrounding matrix and to examine
local stresses and strains in nanocomposites. Therefore, Raman spectroscopy
has great potential in the characterization of the structure of nanocomposites
and the quantitative measurements of physical properties. Among the many
different applications, this chapter focuses on structural analysis, presence of
mixed phases, cellulose crystallinity, chemical mapping, and tensile deformation.

18.2 Raman Spectroscopy

Raman spectroscopy is based on the Raman effect, which results from inter-
actions of the vibrational modes of molecules with electromagnetic radiation.
However, this effect is quite weak; approximately one out of a million photons
is Raman scattered (inelastic scattering). In a Raman spectrum, vibrational
frequencies are measured relative to the excitation frequency, and the signal
intensity is proportional to 1/4% where A is the excitation wavelength. Because
of this relationship between the intensity and wavelength, it is appealing to use
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a short-wavelength laser. However, it is important to remember that sample
autofluorescence generated at low wavelengths can easily degrade S/N ratio and
thereby make Raman bands difficult to detect. In celluloses and lignocelluloses,
the presence of a small amount of impurities [5] or lignin [6] can create the
problem of autofluorescence. This is the primary reason for using excitation in
the 633-1064 nm region. For a large number of celluloses, excitation at 1064 nm
(near infrared (IR)) mostly eliminates autofluorescence [7]. However, it also
reduces the Raman signal intensity. For this reason, to compensate for this
disadvantage, Fourier transform (FT)-Raman instruments are used [7, 8]. In FT
instruments, in contrast to the conventional grating-based dispersive instrument
(ultraviolet and visible Raman), advantage is taken of the high-throughput char-
acteristic of the interferometer [8]. Nevertheless, in either case, the Raman shifts
are directly related to the functional group and the structure of the molecule
to which the group is attached. Moreover, the Raman frequency also depends
upon the types of atoms in the molecule and molecular environment. Using
Raman spectroscopy, identification of materials in a multicomponent system
can be simply accomplished. Additionally, using polarized Raman, orientation
of nanocelluloses in polymer matrices or within all-cellulose samples can be
carried out.

18.3 Micro-Raman and Raman Imaging

In a micro-Raman experiment, an optical microscope in combination with spec-
trometer is used [9, 10]. This allows acquisition of Raman spectra of a microscopic
sample (e.g., single fibers) or microscopic domains in a solid sample. Not only
is much less sample required, but, in cases where confocal sampling is used [4,
11], autofluorescence can be suppressed because the fluorescence from regions
outside of the confocal area is not detected. Some examples of micro-Raman
applications include studies of cellulose fibers and composites [3, 4, 12, 13].

In the case of Raman imaging or mapping, the spatial distribution of a compo-
nent can be obtained in two dimensions with the help of a Raman microscope
[4, 11]. Obviously, this kind of information is useful in a heterogeneous sample.
Although the laser spot size is diffraction limited, the mapping yields information
on the local composition of the sample at high spatial resolution. For example, a
number of researchers have used Raman imaging [4, 14, 15] to investigate woody
tissue, and the distribution of both lignin and cellulose was mapped simultane-
ously by selecting Raman bands that are specific to these cell wall components.
This methodology has been used in our investigations of nanocellulose compos-
ites as well (see more in the following text).

18.4 Applications to Cellulose Materials

18.4.1 Celluloses

Although CNCs and CNFs are new materials in the field of cellulose science [16],
other celluloses and cellulose-based products have been around for a long time,
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and Raman as an analytical technique has been applied to their investigations.
Earlier work dealt with topics such as band assignments [13], cellulose structure
[17] and orientation [13, 18], and polymorphism [19] in celluloses. Over the years,
the field of Raman spectroscopy has continued to evolve and has made signifi-
cant technological advances especially in terms of instrumentation [20]. This has
benefited studies of celluloses because the developments allowed acquisition of
spectra with high S/N ratio and reduced level of fluorescence [6, 7]. In addition
to fluorescence suppression, the availability of near-IR FT-Raman instruments
made possible the acquisition of low-frequency (50-250 cm™) spectra [21]. This
is the region where vibrational modes due to H bonds and crystals are usually
detected [22, 23]. In 2010, to estimate cellulose crystallinity, a new method based
on 380 cm™! band of cellulose was published [1]. The method ranked high when
compared, using a number of criteria, to Segal-WAXS and 3C NMR [24]. To
assess crystallinity, the Raman method, also known as “380-Raman,” has been
applied to a wide variety of cellulose materials including CNCs and CNFs [1,
25-30]. Some of the novel Raman applications consist of information on local
CH,OH conformation, accessibility of water to cellulose at the molecular level,
and information on the H bonds [2, 7].

Additionally, tensile uniaxial tests in Raman spectroscopy have been used to
investigate deformation mechanisms of stand-alone cellulose fibers as well as
of wood, paper, and cellulose nanocomposites [31-37]. It was reported that,
in the spectrum of cellulose, the shifts of the 1095 cm™ band give information
on the molecular deformation of the material, which is related to the stress
within the fiber. Using this shift, Young’s modulus of bacterial cellulose fibril was
predicted from the calibration of the Raman shift at 1995 cm™! against modulus
[33]. Therefore, Raman spectroscopy plays an important role in understanding
the micromechanics of nanocellulose and its composites. This capability can
generate information that is useful in understanding the variability in mechanical
behavior of various nanocellulose composites.

18.4.2 CNCsand CNFs

18.4.2.1 Spectra

Raman spectra of nanocelluloses produced from different sources have been
obtained in the author’s laboratory. Since nanocelluloses do not have distinc-
tive Raman spectra, the technique cannot be used to prove the existence of
nanocelluloses. However, the Raman frequency, intensity, and band shape of the
vibrations can vary between the celluloses and nanocelluloses. In general, the
spectral features (band intensities and profiles) differ within the same family
of nanocelluloses (e.g., within CNCs) or between the two types of nanocellu-
loses (e.g., CNCs vs. CNFs). Nevertheless, in most cases, the spectrum of a
nanocellulose is similar to the spectrum of the cellulose material from which it
was generated (author’s unpublished work). Figure 18.1 shows spectra of CNCs
in their dry state. The spectra are plotted after being normalized at 1096 cm™!
(one of many bands of cellulose). Although a large number of spectral features
are similar, there are significant differences as well. Between spectra, small
differences exist with regard to Raman frequencies, band profiles, and band
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Figure 18.1 (a) Raman spectra of various CNCs in 2500-3700 cm~"' region showing
contributions of C-H and O-H stretches and (b) Raman spectra of various CNCs in

50-1500 cm™" region. The CNCs with sharper and stronger features are indicative of higher
crystallinity.

intensities. In most cases, the highest intensities are associated with highly
crystalline CNCs (e.g., spectra of those derived from tunicate and cladophora).
On contrary, pulp-derived CNCs (samples CNCs-E and CNCs-062 (II)) show
lower intensity peaks, and their crystallinity is significantly lower compared with
that derived from tunicate. Moreover, in the spectra of the CNC produced from
a dissolving grade of bleached kraft pulp that contained cellulose II (CNCs-062
(1)), have spectral features indicating the presence of cellulose II (e.g., 577 and
1462 cm™! bands [7, 19]).

As an example of the differences between the CNCs and CNFs (both devoid of
any cellulose II), spectra of the two types of wood pulp nanocelluloses are shown
in Figure 18.2. Raman frequencies of these CNCs and CNFs are compared in
Table 18.1. The nanocelluloses used in this work were generated from bleached
hardwood kraft pulps.
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Figure 18.2 (a) Raman spectra of wood pulp CNCs and CNFs in 2500-3700 cm~" region
showing contributions of C-H and O-H stretches and (b) Raman spectra of wood pulp CNCs
and CNFs in 50-1500 cm™" region. CNCs have comparatively better resolved features partly
due to removal of residual hemicelluloses.
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Table 18.1 Comparison of Raman frequencies of pulp-CNCs and pulp-CNFs (cm™").

Pulp-CNCs Pulp-CNFs Pulp-CNCs Pulp-CNFs
3347 (m?) 3341 (m) 974 (w-m) 971 (w-m)
3298 (m) 3301 (m) 913 (sh) —

2967 (sh) — 900 (m-s) 898 (m-s)
2934 (sh) — 817 (vw) —

2893 (vs) 2894 (vs) 724 (sh) —

2816 (sh) — 609 (vw) 609 (vw)
2734 (sh) 2733 (sh) 566 (sh) 567 (vw)
2716 (sh) — — 534 (sh)
1478 (sh) — 520 (m) 520 (sh)
1462 (sh) 1467 (m-s) — 509 (m)
1407 (m) 1416 (sh) 492 (w) 495(sh)
1380 (s) 1379 (s) 460 (m) 460 (m)
1338 (m) 1340 (w-m) 437 (m) 436(m)
— 1315 (sh) 408 (sh) 408 (sh)
1293 (w) 1294 (w) 380 (s) 380 (s)
1277 (sh) 1263 (sh) 350 (m) 352 (w)
1236 (w) — 333 (sh) 331 (sh)
1202 (w) 1202 (w) 307 (sh) 309 (sh)
1148 (m) 1148 (sh) 210 (vvw) 210 (vvw)
1121 (s) 1120 (s) 171 (w) 168 (w)
1097 (vs) 1095 (vs) 154 (vw) —

1066 (sh) 1058 (sh) 139 (vw) —

1037 (sh) — 92 (m) 93 (sh)
997 (w-m) 997 (w-m)

a) Relative band intensity in the spectrum; vs, very strong; s, strong; m, medium; w,
weak; vw, very weak; vvw, very very weak; sh shoulder.

Considering that Raman spectral features can vary depending upon the
interaction with other components or molecules, such variations can be used to
obtain information about the nature, localization, and force of the interaction.
This is particularly useful in the case of composites where the CNCs and CNFs
are embedded in polymer matrix.

Between the spectra of the CNCs and CNFs, one of the important points
to remember is the sharpness of the peaks in the spectrum of the CNCs
(Table 18.1 and Figure 18.2). This is due to two reasons — CNCs having higher
crystallinity and removal of hemicelluloses from CNCs upon acid hydrolysis.
Raman contributions of hemicelluloses have been reported previously [7, 38].
Contributions of xylan [7, 38] were detected at 1120 and 495 cm™! (Table 18.1
and Figure 18.2b).This is supported by Figure 18.2b where, for CNFs, the
1120 cm™! band was more intense and less resolved (red) compared with that of
the CNCs (blue).
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18.4.2.2 Crystallinity
Crystallinity is one of many important structural properties of nanocelluloses,
and Raman spectroscopy has been used to estimate their crystallinity[1, 24—30].
In such measurements, the ratio of cellulose’s Raman bands at 380 and 1096 is
used [1]. Based on the application of the 380-Raman method thus far, this method
has proven to be reliable in most cases as long as proper correction for hemicel-
lulose or syringyl lignin is carried out [25]. In the present situation, comparing
the 1096 cm™! normalized spectra shown in Figure 18.2b, the existence of the
stronger 380 cm™! peak for CNCs implies that these are more crystalline com-
pared with the CNFs. However, considering that hemicelluloses also contributed
at 1096 cm™! but not at 380 cm™!, a correction for their presence needs to be
performed. This can be easily carried out by using the calibration curve that
already exists [25]. Nonetheless, one needs to know the amount of hemicelluloses
present in a sample. 380-Raman is not the only cellulose crystallinity measure-
ment method where such issues need to be addressed. Other methods (e.g., X-ray
and 3C NMR) have been found to have similar limitations when estimating crys-
tallinity of nanocelluloses and their composites. And more importantly, some of
these issues may be the reasons why results of crystallinity measurements by dif-
ferent researchers have been, at times, contradictory [39, 40].

Table 18.2 lists Segal-WAXS and 380-Raman crystallinities of a large! num-
ber of CNCs that were produced by acid hydrolysis under a variety of conditions

Table 18.2 CNC crystallinities (Crl) determined by Segal-WAXS and 380-Raman methods.

ID CNCs sample? Crl-Raman Crl-
(acid concentration, (13g0711006) Segal-WAXS
temperature, time)

1 (56, 70, 90) 10-5 55.4 74.3 +0.0
2 (58, 56, 60) 14-1 48.4 73.6 + 0.4
3 (58, 56, 120) 14-3 50.4 72.8+0.5
4 (58, 56, 180) 14-5 57.0 75.5+0.7
5 (58, 56, 210) 14-6 50.0 734+2.1
6 (62, 40, 75) 7-4 51.8 78.5+0.1
7 (62, 40, 105) 7-6 50.2 774405
8 (62, 50, 60) 4-3 50.3 754+0.1
9 (62, 50, 75) 4-4 51.4 76.0 +0.6
10 (62, 60, 30) 1-1 51.8 734+ 0.0
11 (62, 60, 60) 1-3 53.6 76.1+0.5
12 (64, 45, 15) 13-0 39.8 68.5+1.3
13 (64, 45, 45) 13-2 54.0 72.0+0.2
14 (64, 45, 75) 13-4 54.4 73.9+17
15 (64, 45, 105) 13-6 54.9 754+0.1

a) See [30] for information on CNC samples.

1 Values in bold are the lowest crystallinity values.
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where acid concentration, temperature, and time of hydrolysis were varied. This
table is adapted from the publication of Chen et al. [30]. Although for sample 12
(data in bold) both the Raman and X-ray diffraction (XRD) methods gave lower
crystallinity compared with other samples, further examination of the sample’s
Raman spectrum indicated that cellulose II was present in this CNC sample.
Because cellulose II contributes to the band at 1096 cm™![7, 19] and has no contri-
bution to the signal at 380 cm™!, this makes the ratio (I3g,/1;49¢) lower. Since the
estimated crystallinity is based on this ratio [1], the sample crystallinity would
be lower compared with the other samples where cellulose II was not present
(Table 18.2). This explained why the estimated Raman crystallinity of the sam-
ple was lower (Table 18.2). Examination of the X-ray diffractogram of the sample
failed to bear this out, which is not surprising given that the presence of low levels
of cellulose II is difficult to detect by X-ray.

18.4.2.3 Orientation

With the help of polarized Raman spectroscopy, orientation of nanocelluloses can
be investigated. This approach is similar to examining the orientation of cellulose
molecules in a fiber [13]. Although there are several bands in cellulose that show
sensitivity to the way the cellulose molecules are oriented relative to the electric
vector (EV) direction of the laser, most often, 1096 and 2900 cm™! are used due
to their high Raman intensity. Some of the recent examples where Raman spec-
troscopy has been used to investigate cellulose orientation are the works of Hsieh
et al. [33], Zimmerley et al. [41], and Gierlinger et al. [42].

As an example of ability of Raman spectroscopy to provide information on cel-
lulose orientation, a set of spectra are shown in Figure 18.3. These spectra were
obtained from a cellulose fiber, and the Raman microprobe setup was such that
Raman spectra could be obtained at different fiber-direction angles with respect
to the EV of the laser. The fiber was rotated, on the microscope stage, between
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Figure 18.3 (a) Raman spectra of bleached kraft pulp fiber in the 800-1500 cm™' region.
Different spectra represent various orientations of the long fiber axis with respect to the EV
direction of the laser (angle 6 from 0° to 90°). At 1098 cm~', spectra show the presence of
most and least intense peaks at 6 being 0° and 90°, respectively. (b) Raman spectra of
bleached kraft pulp fiber in 2700-3200 cm~' region. Different spectra represent various
orientations of the long fiber axis with respect to the EV direction of the laser. Spectra are
shown at different values of 6.
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Figure 18.4 Correlation between the band intensity ratio (1098/2890) and angle 6 (between
long fiber axis and EV direction of the laser).

0° and 90°, by 10° and a spectrum was obtained from the same location every
10°. Thus, 10 spectra were obtained from the sampled area on the fiber in the
two spectral regions (1098 and 2900 cm™*regions). These regions represented the
C-0 and C-C and the C—H stretches in the cellulose molecule, respectively.

With the angle “0” between the EV direction and the fiber direction being
zero, the band at 1098 cm™! showed the highest intensity (black spectrum
in Figure 18.3a), and its intensity declined at higher 6 angles. The minimum
intensity was obtained at a 6 value of 90°. The opposite trend was obtained in
case of the C—H stretch mode (Figure 18.3b). This behavior of oriented cellulose
is known and has been used to estimate the microfibril angle in the cell wall and
in pulp fibers [42, 43]. In the author’s laboratory, polarized Raman spectroscopy
has been used to investigate orientation of wood and pulp fibers and, more
recently, of nanocelluloses (unpublished work).

When the ratio of the peak height (PH) intensity of the bands at 1098 and
2890 cm™! is plotted against 6, a linear correlation is obtained (Figure 18.4). This
implies that to evaluate the angle between the fiber axis and the EV direction, one
simply needs to take the ratio of the two intensities. However, in cases where only
one of the band intensities is available, that information can also be used to esti-
mate value of 6 [13, 43]. Nevertheless, the ratio method has the advantage that
no internal/external reference is required to monitor changes in the experimental
variables or any fluctuations between the spectra are accounted for.

18.5 Applications to Nanocomposites

Considering that nanocellulose-based composites are biodegradable and envi-
ronmentally friendly, they are desirable replacements for conventional compos-
ites based on petroleum feedstock. Nanocelluloses have been combined with
various materials to produce composites with desirable properties [16, 44]. The
celluloses are attractive structural components which serve as a mechanical rein-
forcement phase in composites. The presence of the CNCs and CNFs in a polymer
matrix has the potential to not only stiffen the matrix but also increase its strength
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depending on factors such as nanocellulose dispersion, the aspect ratio (length
divided by width) of the nanocellulose, and the adhesion between the nanocel-
lulose and matrix. In this section of the chapter, several applications of Raman
spectroscopy to nanocellulose-based composite materials are reviewed.

18.5.1 CNCs

18.5.1.1 Mapping

Given that nanocellulose composites are inherently heterogeneous, both
standard and spatially resolved Raman spectroscopies [7, 45] have been used
to analyze them in our laboratory. One set of nanocomposites characterized
were CNC-polypropylene (PP) composites wherein the spatial distribution
of CNCs in extruded composite filaments [45] was studied. Three composites
were made from two forms of nanocellulose (CNCs from wood pulp and the
nanoscale fraction of microcrystalline cellulose (MCC)), and one of the three
investigated composites contained maleated polypropylene (MAPP)which was
used as a coupling agent. In Figure 18.5, 1064 nm FT-Raman spectra of PP
(Figure 18.5a), 50/50 fractionated MCC/MAPP (Figure 18.5b), and acetylated
CNC (Figure 18.5¢) in the region 850—-1550cm™! are shown. Compared to PP,
cellulose signals were weaker, although the contributions at 1098 and 1120 cm™!
due to CNCs could be easily detected in the MCC/MAPP composite spectrum
(Figure 18.5b).

The composites were also studied using 633 nm-based confocal Raman imaging
[4]. The spectroscopic approach to investigating spatial distribution of the com-
posite components was helpful in evaluating CNC dispersion in the composite
at the microscopic level, which helped explain the relatively modest reinforce-
ment of PP by the CNCs [45]. Raman maps based on cellulose and PP bands at
1098 and 1460 cm™!, respectively, obtained at 0.6 pm spatial resolution showed

0.1
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Figure 18.5 FT-Raman spectra of (a) PP, (b) 50/50 fractionated MCC/MAPP, and (c) acetylated
CNCin the region 850-1550cm™".
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Figure 18.6 Raman images (false color) of spatial distributions of composite components:
(a) PP in an unreinforced PP, (b) CNCs in PP with acetylated CNC, (c) CNCs in PP with
fractionated MCC, and (d) CNCs in PP with CNC and MAPP. Note the different scale bar values
in different images ((a), 0.5 pm; (b), 1 pm; (c), 0.5 pm; (d), 2 pm). The intensity scale for each
Raman map appears on the right of the image. High, medium, and very low component
concentrations are indicated as red, green, and blue regions, respectively. Some locations
show negative values and arise from the manner in which intensities were calculated for the
images. (Agarwal et al. 2012 [45]. Reproduced with permission of Sage Publications.)

that the CNCs were aggregated to various degrees in the PP matrix. Of the three
composites analyzed, two showed clear existence of regions of poor dispersion:
Raman images with strong PP and absent/weak cellulose or vice versa. For the
third composite, the situation was slightly improved, but a clear transition inter-
face between the PP-abundant and CNC-abundant regions was observed, indi-
cating that the CNC remained poorly dispersed. Figure 18.6 shows Raman images
of spatial dispersions of the two composite components.

18.5.1.2 Tensile Deformation

One of the important needs in nanocellulose composite research is to understand
how stress from matrix is transferred to celluloses. In other words, what are the
stress transfer mechanisms? Raman spectroscopy is able to provide information
on deformation of both phases — nanocellulose and the matrix. The Raman band
at 1095 cm™! is known to shift under mechanical tension [31]. In the literature,
a number of publications have used the strain-sensitive aspect of the Raman
peak. For example, Rusli et al. [34] investigated tunicate CNC and poly(vinyl
acetate) nanocomposites by polarized Raman spectroscopy and showed that the
stress transfer was influenced by local orientation of the nanocrystals. Shifts of
1095 cm™! Raman band as a result of uniaxial deformation of nanocomposite
films were used to determine the degrees of stress experienced by the CNCs,
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not only due to stress transfer from the matrix to the tunicate CNCs but also
between the CNCs within the composite. In a more recent publication, Pullawan
et al. [46] studied the deformation micromechanics of all-cellulose nanocom-
posites by Raman spectroscopy. Four different nanocomposites were created
from cotton and tunicate CNCs using two different cellulose matrices. Stress
transfer mechanisms between the matrix and the CNCs in these composites are
reported by following the molecular deformation of both the CNCs and matrix
celluloses — cellulose I and cellulose II, respectively. Such a study allowed the
authors to draw important conclusions on what is required to obtain maximum
tensile strength and modulus.

18.5.2 CNFs

18.5.2.1 Tensile Deformation

A system that used short cellulose nanofibril (SCNF) as reinforcement in
polyvinyl alcohol (PVA) fiber is reported in [37]. Composite fibers were pro-
duced by adding SCNFs to PVA fibers. The molecular orientation of PVA was
affected by a combination of wet drawing during gel spinning and hot drawing
at a high temperature after drying. Peng et al. [37] reported that the strength
and modulus of PVA/SCNF composite fiber with a SCNF weight ratio of 6 were
nearly 60% and 220% higher than that of PVA by itself.

Raman spectra of PVA, PVA/SCNF6 filaments, and SCNF cast film are shown
in Figure 18.7. The cellulose band at 1095 cm™! is present in the spectra. As shown
in Figure 18.8, shifts in the Raman peak at 1095 cm™! indicated good stress trans-
fer between the SCNF and the PVA matrix due to strong interfacial hydrogen
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Figure 18.7 Typical Raman spectra in region 1020-1180 cm~', PVA, PVA/SCNF6 (drawn
filaments), and SCNF cast film highlighting the Raman peak initially located at 1095 cm™".
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Figure 18.8 Shiftsin 1095 cm~' Raman band upon tensile deformation for pure PVA,
PVA/SCNF3, and PVA/SCNF6 drawn fiber with a draw ratio of 27. Solid lines are linear
regressions for the data.

bonding and were responsible for increases in the strength and modulus of the
fibers.

It is clear from these examples that, in a nanocellulose composite, Raman shift
in the 1095 cm™! band can serve as sensor to detect the elastic stress or strain in
the polymer matrix and reinforcement. Such information may be useful not only
to evaluate distribution of stress but also to detect or predict the onset of failure
in composite materials.

18.5.3 Future Developments

It is going to be speculative to tell what the future is going to bring to the
field of Raman applications to the nanocomposites. From the instrumentation
point of view, the need to carry out nanometer-resolved Raman spectroscopy
on celluloses and the composites is one of the most important desires of the
researchers that is not being met by the existing instrumentation. The analysis
capability at the nano level, although realized for a number of noncellulose
materials via tip-enhanced Raman spectroscopy (TERS) [47], has emerged
as a candidate for desirable future development. If and when that happens,
Raman imaging experiments will become possible at the level of single cellulose
molecule. On other fronts, of course, given that Raman inherently suffers from
the problem of sensitivity, efforts will continue to be made to address this topic.
Additionally, development of new lasers with circular beam profiles, especially
in the near-IR range, is needed. The near-IR range is the excitation wavelength
region where a compromise exists between availability of good detectors and low
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autofluorescence of samples. Considering that some nanocellulose composites
fluoresce even at 1064 nm, even longer-wavelength lasers would be desirable,
but then detectors capable of sensitive detection of Raman scattering in the
entire Raman range would be required. In addition to autofluorescence, use of
Raman spectroscopy is not yet widespread because of the cost of Raman instru-
mentation, which happens to be still significantly higher compared with its IR
counterparts. Nevertheless, Raman is capable of much higher spatial resolution.
The cost factor can be expected to change given that progressively more research
institutions and laboratories are going to acquire Raman capability.

18.6 Summary

A review of Raman spectroscopy applications to nanocelluloses and
nanocellulose-based composites was provided, and various capabilities of
the technique were highlighted. It was shown that Raman can be used not only
to identify cellulose nanomaterials and estimate cellulose crystallinity but also to
study the dispersion of CNCs in polymers and assess CNC—matrix interactions.
Using a bleached fiber, it was shown that the polarized Raman spectra provided
information on the orientation of cellulose at the molecular level and that
this capability can also be used to study the organization of nanocelluloses.
Moreover, in a CNC composite, Raman spectroscopy can be used to quantify
the strain or stress transferred to CNCs from the surrounding polymer matrix.
This ability of Raman which is based on the shift of the 1095 cm™! band allowed
investigation of local stresses and strains in cellulose composite materials.
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